Bio-logging tags are widely used to study the behavior and movements of marine mammals with the tacit assumption of little impact to the animal. However, tags on fast-swimming animals generate substantial hydrodynamic forces potentially affecting behavior and energetics adversely, or promoting early removal of the tag. In this work, hydrodynamic loading of three novel tag housing designs are compared over a range of swimming speeds using computational fluid dynamics (CFD). Results from CFD simulation were verified using tag models in a water flume with close agreement. Drag forces were reduced by minimizing geometric disruptions to the flow around the housing, while lift forces were reduced by minimizing the frontal crosssectional area of the housing and holding the tag close to the attachment surface. Hydrodynamic tag design resulted in an experimentally measured 60% drag force reduction in 5.6 m/s flow. For all housing designs, off-axis flow increased the magnitude of the force on the tag. Experimental work with a common dolphin (Delphinus delphis) cadaver indicates that the suction cups used to attach the types of tags described here provide sufficient attachment force to resist failure to predicted forces at swimming speeds of up to 10 m/s.
marine animals in their natural environment (Madsen et al. 2002 , Johnson and Tyack 2003 , Cooke et al. 2004 , Ropert-Coudert et al. 2007 ). Bio-logging tags are integrated mechanical and electrical systems containing sensors, data sampling electronics, a protective housing, and a means of attachment to the animal. Tags that telemeter data also require an antenna directed away from the body of the animal to radiate effectively. Conversely, archival tags that record data for later retrieval must have floatation to enable recovery once the tag detaches from the animal. Each of these components introduces constraints that drive the tag design. For example, accelerometry sensors used to measure animal movement require attachment methods that fix the orientation of the sensor with respect to the animal (van Dam et al. 2002 , Miller et al. 2004 , Viviant et al. 2010 . This restricts the use of reorientation schemes that align the tag with the flow and so reduce drag (Aoki et al. 2007) .
For cetaceans, suction cups are a widely used method to attach short-duration archival tags (Hooker and Baird 2001) , but longer-term tags are also attached with bolts through the dorsal fin (Read and Westgate 1997) or barbs implanted in the epidermis, blubber, or muscle (Mate et al. 2007 , Andrews et al. 2008 . The most appropriate attachment method depends on the longevity of the tag and the behavior of the target species. Archival tags that sample high-rate sensors such as wide bandwidth accelerometers, hydrophones, or cameras typically use a short-term, minimally invasive attachment, such as suction cups, that is compatible with the limited recording capacity of the tag and the need to recover the device to obtain the data. For longer-term devices, a more reliable, skin-penetrating attachment is preferred. However, no matter the attachment method, the presence of a tag increases the net loading on the animal as it moves through the water and can impact its behavior, maneuverability, and energetics (Ropert-Coudert and Wilson 2005) .
The hydrodynamic loading of tags is particularly relevant for the many marine animals with highly streamlined bodies for which a small disturbance in flow may cause a disproportionate increase in the cost of transport (Fish 1998) . While the relative impact of the tag will depend on both the size of the tag and animal, this impact will be most pronounced for long attachments and on animals that move large distances, e.g., on seasonal migrations or foraging trips, because the parasitic drag increasingly becomes an energy budget issue for the animal (Wilson et al. 1986, Wilson and McMahon 2006) . For example, Wilson and McMahon (2006) demonstrated that a 200 mm long 9 3 mm diameter antenna resulted in up to 59 reduction in foraging efficiency of tagged Magellanic penguins (Spheniscus magellanicus; Wilson et al. 2004) . However, there are relatively few studies of the impact of tags on marine animals, due in part to the fundamental difficulty of quantifying the performance of control (i.e., untagged) animals with the same resolution as tagged animals. Even though tags may affect animals in ways other than hydrodynamic loading, the work of Wilson et al. (2004) suggests that one proxy for tag impact is increased cost of movement caused by the tag. Thus, the relative impact of different tag designs can be assessed by estimating the additional force that must be produced by the animal to swim at a given speed (Hanson 2001 , Pavlov et al. 2007 .
The swim speed of the animal is a major factor determining the additional force resulting from a tag. Forces from flow disturbance tend to increase as velocity-squared making high swimming speeds of paramount concern (Munson et al. 2006) . Maximum swim speeds for cetaceans typically occur during brief events such as foraging chases or predator escape that last on the order of seconds and vary a great deal between species. For mysticetes these speeds can be as high as 13 m/s and odontocetes have been observed at speeds of 15 m/s (Fish and Rohr 1999 , Sato et al. 2007 , Watanabe et al. 2011 ). Short-finned pilot whales (Globicephala macrorhynchus) have been recorded swimming at up to 9 m/s during foraging chases (Aguilar Soto et al. 2008) . However, sustained speeds, defined by Fish and Rohr (1999) , as activity lasting at least 15 s, are much lower for all cetaceans. Peak sustained swim speeds are estimated at 5 m/s for mysticetes and 7 m/s for odontocetes (Fish and Rohr 1999) . Thus, the impact of a tag may vary with the behavior of the animal and its reliance on fast swimming, both of which may be unknown prior to tagging. A number of additional factors also impact the forces resulting from a tag attachment: body motion during active swimming; the attachment location and orientation of the tag, which depend on the position of the animal at the tagging moment; the height of the tag above the skin surface; and the uncertain and dynamic character of the fluid boundary layer around the animal (Fish and Rohr 1999) .
Given the complexities of the flow field around a tag on an animal, computational fluid dynamics (CFD) methods offer an efficient way to assess the performance of different designs before they are built and deployed. These methods involve estimating the flow around a simulated shape by dividing the test volume into small elements and solving the differential equations governing flow for each element. Pavlov et al. (2007) utilized CFD to create a dolphin dorsal fin tag design that reduced the forces on the animal created by the tag. The authors used parametric models of the dorsal fin to evaluate the hydrodynamic performance of two alternative tag configurations under a range of flow velocities. The study provided a general methodology for applying computer aided design (CAD) and CFD to tag design. More recently, the same authors applied this modeling approach to design a noninvasive dolphin dorsal fin tag in which lift forces acting on the tag are used passively to secure the tag to the fin (Pavlov and Rashad 2011) . However, the studies of Pavlov et al. (2007) and Pavlov and Rashad (2011) have yet to be validated experimentally, a critical step to establish confidence in the predictive performance of CFD (Weber et al. 2011) .
In this work, we use a combination of CFD and experimental testing to explore novel suction cup tag designs for large whales. The tags described here are custom engineered and are intended to make accurate orientation measurements and so use a rigid multi-cup attachment to the animal. To simplify the CFD problem, we examine the forces created by steady fluid flow around tags secured to a flat rigid surface. These assumptions neglect additional forces and flow that result from body motion and skin flexure, but are reasonable because this is a comparative design study where each tag will be evaluated under the same conditions. The contributions of this paper are three fold. First, this work provides insight into hydrodynamic housing design and the resulting forces created by bio-logging tags on large whales. Second, these results illustrate how a virtual testing environment both accelerates the design process and provides information that is not available from on-animal testing alone. Finally, the simulation results are validated experimentally, demonstrating that the assumptions inherent in the simulation are acceptable.
Methods

Forces Acting on the Tag
As a tag attached to an animal moves through the water it experiences a net force due to the fluid flow around it. The force component acting parallel to the flow is called drag, the component acting perpendicular to the attachment surface is lift, and 728 the component normal to the flow and parallel to the attachment surface is the side force (Munson et al. 2006) . The net force acting on the tag will also generate moments that are dependent on the geometry of the tag, the location of the attachment to the animal, and the magnitude and direction of the forcing from the fluid. These additional forces were not explicitly modeled but are most likely small in comparison to the linear forces given the small body size of the tag. Viscous shear and pressure forces contribute to the net force on the tag. These forces are caused by the change in momentum of the fluid as it moves past the tag and are a function of the shape and surface finish of the tag (Munson et al. 2006) . Additional pressure differentials in the fluid surrounding the tag arise when the flow becomes separated from the surface of the tag and creates low-pressure regions downstream called a wake. The forces acting on the tag are further complicated by the proximity of the large flexible surface of the whale that creates its own flow regime as the animal moves through the water.
Tag Designs
The tag housing designs considered here are for a noninvasive acoustic archival tag intended for 1-2 d deployments on free-swimming animals. The design constraints include: a rigid housing for mounting and protection of the electronics, a multi-point attachment to the animal, adequate flotation, two forward-facing hydrophones, and a rear-facing VHF antenna. After releasing from the animal, the tag must float at the surface with the antenna out of the water requiring a center of buoyancy (CB) that is posterior of the center of gravity (CG). This is achieved by placing the floatation behind the electronics and battery. Because the tag will be deployed on unrestrained animals, e.g., with a pole, there is little control over the orientation or location of the tag on the animal. The tags described in this work use four suction cups to fix the orientation on the animal, but forces acting on the tag from the fluid flow or contact from other animals can reorient the tag during an attachment. In each design, the tag electronics are packaged in a hard plastic box for protection (Fig. 1) . A block of syntactic foam sits behind the tag electronics to provide floatation. The electronics, hydrophones, and foam assembly are molded into a urethane shell to define the external shape. Four 45 mm diameter silicone cups are used to make a rigid attachment to the animal. We consider two alternative designs within these constraints.
Model A, was designed to have minimum surface area in all attachment orientations for a given internal volume and CG-CB separation (Fig. 1, Table 1 ). This leads to a box-shaped envelope that diverges from the smooth tapering shapes normally used to minimize hydrodynamic forces. Attachment points for the suction cups add to the complexity of the external form and create potential points of flow disturbance.
Model B attempts a compromise between surface area and hydrodynamic form leading to a larger but smoother-bodied tag (Fig. 1, Table 1 ). This streamlined halfbody screens the cups and minimizes the geometric disruptions to the flow. The design also includes a channel under the tag to reduce the lift component of the force acting on the tag. The channel is intended to increase the flow speed under the tag to match the increased flow velocity over the top of the housing and so reduce the pressure differential across the tag.
For both tag designs, the proximity of the animal's skin surface with its attendant boundary layer and complex flow make it difficult to predict how water will flow around the tag. To assess the impact of attachment height on tag performance, we produced a third design (Model C) in which the tag is housed in a conventional tear-SHORTER ET AL.: DRAG OF SUCTION CUP TAGS ON SWIMMING ANIMALS drop form mounted well away from the boundary layer associated with flow around the animal (Model C; Fig. 1, Table 1 ). A hydrodynamic foil attaches the tag body to a streamlined base that houses the suction cups. This design is impractical for a number of reasons. The high profile of the tag exposes it to fouling and contact with other animals. The increased hydrodynamic moment of the design increases loading on the suction cups, and the thin strut reduces the stability of the platform increasing noise in the accelerometer measurements. Nonetheless, this model provides an opportunity to assess the drag contribution of the tag shape without the additional Figure 1 . Tag housing designs in plan view (upper panels), longitudinal cross-section (middle panels) and frontal cross-section (bottom panels). The longitudinal cross-sections are taken along the center line of the tags (marked A-A in the upper panels). The frontal cross-section is the outer envelope of the shape that is exposed to the flow when the tag is aligned with its longitudinal axis parallel to the direction of motion (marked B-B in the upper panels). Dimensions are in millimeters. complexity of flow over the skin surface. The model was used in CFD simulations but no flume trials were attempted with this shape. Autodesk Inventor 11 (Autodesk, Inc., San Rafael, CA) was used to create solid models of the tags for computational analysis and experimental testing. Full-scale models of designs A and B were made from ABS plastic using fused deposition modeling (FDM, Fig. 1 ). The design A model included the geometry of four compressed suction cups. This rapid prototyping (RP) process has a layer thickness of 0.254 mm and so produces slightly rough surfaces which may add to the surface drag of the shapes. However, a similar RP process is used by the authors to produce molds for fieldable tags making the models realistic.
The thin, flexible VHF antenna normally included in a tag for radio tracking is difficult to simulate because it can be displaced by the flow and was excluded from both the simulated and physical models. Neglecting the antenna was justified because our goal was to conduct a comparative study of tag geometry on flow forces and each tag would use the same antenna. Therefore, forces (primarily drag) added by the antenna would be approximately the same for each tag design at corresponding flow speeds. To provide additional context for this work, the drag loading of the 21 cm (0.5 mm diameter) antenna was examined independently. We expect that the antenna would deflect to 3/4-1/2 of its original length when the tag is oriented broadside (90º) to the oncoming flow at the fastest simulated flow speed (10 m/s). For the flow speeds used in the simulations (0.25-10.0 m/s), the antenna would experience Reynolds numbers in the range of 125 ≤ Re ≤ 5,000 in the broadside orientation. In this range of Reynolds numbers, the drag coefficient for flow over a cylinder is approximately 1.0-2.0, with the lower Reynolds number generating the greater drag coefficient (Fox and McDonald 1999) . The drag added by the antenna would have a magnitude of approximately 0.007 N at the lowest flow speed considered (0.25 m/s) ranging to approximately 2.5 N at the fastest flow speed considered (10.0 m/s). However, these drag estimates represent the worst case of 90º tag orientation. For the 0º orientation, the antenna, which projects rearward and horizontal from the tag, would be in the tag's wake region and would not experience significant drag compared to the drag and lift forces of the tag body. Additionally, the buoyancy force and associated moments that result from the floatation in the rear of the tag were not considered because the force is about 1% of the forces expected from fluid flow.
Computational Fluid Dynamics (CFD) Modeling and Simulations
Computational fluid dynamics analysis was used to compare the performance of the three tag designs. The forces acting on each design were calculated over a range of flow speeds (0.25-10 m/s) and flow orientations (0º-180º) during steady and unsteady flow field simulations. The flow speed was held constant during each trial, a condition more indicative of an animal "gliding" through the water without the additional variable flow generated by swimming motions. For simplicity, the simulation also does not account for modifications to the flow field that would be created by features on the animal's body (e.g., dorsal or pectoral fins). Flow fields around 3D CAD models of the tag were simulated using the SolidWorks 2013 Flow Simulation package (Dassault Systemes SolidWorks Corporation, Waltham, MA). Simulations were performed in a computational domain with dimensions 400 mm wide 9 400 mm high 9 1,800 mm long (Fig. 2) . The width, height, and length of the domain are 2, 2, and 10 times larger than the largest tag design dimension, respectively. The lower surface of the model was placed in the center of the lower boundary wall, with the center of SHORTER ET AL.: DRAG OF SUCTION CUP TAGS ON SWIMMING ANIMALS the tag 1,091 mm from the inlet plane. Boundary conditions for the steady Favreaveraged Navier-Stokes (FANS) simulations consisted of real wall (no slip) flow conditions on the lower wall, and ideal wall (free slip) conditions on the side and upper walls. The simulations employed transport equations for turbulent kinetic energy and turbulent energy dissipation rate (model). The default wall roughness and turbulence parameters were used as these gave reasonable results in our previous work (Weber et al. 2011) . The flow solver used a single system of equations to simulate laminar and turbulent flow with transition between these flow regimes enabled. Laminar to turbulent transition was handled via the method of modified wall functions using Van Driest's profile instead of a logarithmic profile. Integral boundary layer theory was used if the local mesh size was smaller than the local boundary layer. Additional details of the simulation methods are available in the SolidWorks Flow Simulation technical documentation (Dassault Systemes SolidWorks Corporation, Waltham, MA). The inlet plane was constrained to uniform flow speed and either a uniform total or static pressure exit boundary condition was used. As inconsistent results were obtained with the automatic mesh refinement feature of the software, we manually specified the mesh geometry to concentrate finite volume cells near the tag CAD models. After performing a mesh convergence study covering the range from 3.3 9 10 6 to 1.7 9 10 7 finite volume cells, we selected a mesh with approximately 3.3 9 10 6 cells for the majority of the simulations. This cell count gave a reasonable combination of convergence accuracy and simulation time. The average solution time on an 32 core PC with 64 GB of RAM was approximately 8 h per simulation.
Experimental Validation of the CFD Models
Water tunnel experiments were conducted at the United States Naval Academy in Annapolis, Maryland (Fig. 3) . The water tunnel had a test section of 400 mm square 9 1,800 mm long. The tunnel employed turning vanes in the corners and a honeycomb flow straightener in the settling chamber. Free-stream turbulence was 0.5% (Schultz and Flack 2003) . Models were evaluated at five flow speeds ranging from 1 m/s to 5.6 m/s with a constant orientation to the flow (0º), and at 12 orientations ranging from -20º to 90º at constant 5.6 m/s flow (with the zero angle indicating tag alignment with the flow). These flow speeds and orientations were selected to span the range of configurations that could be tested in the flow tank. Measurements of lift, drag, and side forces were made with submersible Hydronautics force transducers and the angle of the model was measured by a multi-turn potentiometer mounted on a custom built quadrant (Weber et al. 2009 ). The tag models were mounted to the load cell via an extension used to submerge the test piece upsidedown below the surface of the water tunnel. Tag models were secured to the extension using mechanical fasteners. A grounding board surrounded the extension where the test piece was mounted to create a uniform ceiling for the test section, and the space above the grounding board was flooded.
Drag coefficients provide a metric for comparing tag designs and were calculated from the simulated and experimental data using the following equation (Munson et al. 2006) :
where v is the mean speed of the fluid (restricted here to 0.25-10 m/s in simulations and 1-5.6 m/s in the water tunnel), q is the density of water (1,000 kg/m 3 ), F d is the magnitude of the drag from the simulations or water tunnel measurements, and A is the projected frontal area of the tag with respect to the flow direction.
Load Testing of the Model A Tag
The attachment that secures the tag to the animal must be able to resist the forces generated by fluid flow around the tag. For suction cups, the attachment force is Figure 3 . An illustration of the Model B tag in the water tunnel. Both models were mounted to the load cell via an extension used to submerge the test piece upside-down below the surface of the water tunnel. A grounding board surrounded the extension where the test piece was mounted to create a uniform ceiling for the test section, but the space above the grounding board was flooded.
SHORTER ET AL.: DRAG OF SUCTION CUP TAGS ON SWIMMING ANIMALS created by the pressure differential between the water outside the cup and the airfilled internal volume formed by the cup and the animal's skin. When the cup is loaded perpendicular to the skin surface, e.g., due to lift generated by the tag, the cup walls stretch increasing the internal volume and decreasing the internal pressure. Forces parallel to the skin surface (e.g., drag) are resisted less effectively: a load applied to the stem of the cup (i.e., a small distance away from the skin surface) will bend the stem and so increase the cup volume on the side away from the force. This generates a resisting force in combination with the friction of the cup lip against the skin surface. Because of these different attachment mechanisms, it is difficult to predict what the attachment force will be on the skin for a given combination of drag and lift forces.
To explore how fluid forces on the tag are transferred to the skin surface via the suction cups, we performed a pull test using an instrumented tag on a dead cetacean. The testing was conducted on a common dolphin (Delphinus delphis) cadaver that had been frozen shortly after death and thawed just prior to testing. A urethane positive of the Model A design was cast and four silicone suction cups were used to attach the model to the animal after the skin had been rinsed and wiped clean. Horizontal and vertical forces were applied to the tag using a cable, and force measurements were made with a load cell in the cable line (MLP-100; Transducer Techniques, Temecula, CA). The cable was fixed to the front of the body and aligned to the midline of the tag during horizontal loading, and was secured to the top of the tag in the center of the four cups for vertical loading. The loading was kept parallel to the cadaver for the horizontal tests, and perpendicular to the cadaver for the vertical tests. While efforts were made to maintain the horizontal and vertical alignment of the loading during the testing, the curvature of the cadaver and small alignment errors at the point of attachment with the cable likely prevented the application of a pure vertical or horizontal force. The tag was attached to three sites on the animal: (1) dorsally between the fin and the blowhole, (2) laterally above the flipper, and (3) laterally near the dorsal fin. Sites 1 and 3 are areas where tags are applied to free-swimming animals. Two trials were conducted at each site, and the applied forces covered the predicted range of forces for the Model A tag in 0-10 m/s flow. The corresponding vacuum force was calculated from pressure measurements collected using four pressure sensors (MPXV6115V p-xdrc; Freescale Semiconductor, Austin, TX) connected to the cups. Assuming that the vacuum holding the cup on to the skin is acting on a circular area (A skin ) with a diameter equal to that of the compressed cup lip (3 cm) then the attachment force of the system of four cups can be estimated from:
Results All three models were tested using CFD simulations at flow rates of 0.25-10 m/s and at a range of orientations. Models A and B were then measured in the water tunnel at flows of 1-5.6 m/s to validate the CFD force estimates. Finally, pull-tests were performed on Model A to establish the skin loading corresponding to the flow forces on the tag. 734 MARINE MAMMAL SCIENCE, VOL. 30, NO. 2, 2014 Simulation Results
In 5.6 m/s inline flow, the Model A tag generated the smallest lift force (35 N), while the B design created the smallest drag force (4 N) of the designs (Table 2 ). In addition to the lowest drag force, the Model B design's drag coefficient, 0.09, was lower than both the Model A and C designs (0.40 and 0.13, respectively). Figures 4 and 5 illustrate the changes in the flow speed created by the A and B designs. Fluid flow was reduced in the proximity of both designs, with the speed loss being most evident for the Model A tag (Fig 4) . Flow interference is also caused in the Model A design by the cup stems which create vortices that increase drag on the tag, while the screening around the Model B cups eliminated this disruption (Fig. 5) . The Model C design was examined both with and without the foil and base sections. Simulations Table 2 . Simulated and measured drag and lift forces acting on the three tag designs in 5.6 m/s flow. The tags were oriented parallel to the flow. of the Model C teardrop body alone showed a 83% reduction in the drag (1 N) and a 97% reduction in the lift (1 N) forces compared to the full Model C tag indicating that structure adjacent to the surface of the animal is the main source of lift.
The performance of the Model A and B designs was examined over a range of inline flow velocities (0.25-10 m/s; Fig. 6, 7) . As expected, the drag, lift, and side forces for each design grew as the square of the flow speed over the range 0.25 m/s to 10 m/s, but the lateral forces were less than 2% of the largest force acting on the tag and so could be neglected. In 10 m/s inline flow the drag on the B design was 28 N smaller than the drag on the A design (41 N vs. 13 N; Fig. 6 ). However, the B design generated 53 N more lift than the A design (169 N vs. 116 N) at the same flow speed (Fig. 7) . In simulation, lift was the dominant force on both tag designs at flow speeds above about 2 m/s.
Tags attached to free-swimming animals are seldom located perfectly in-line with the flow. The impact of tag orientation on the hydrodynamic forces is shown in Figures 8 and 9 for Models A and B, respectively. These simulation results were obtained at a constant flow (5.6 m/s) and with orientation from 0 to 180 degrees. Lift was the dominant force component for both tags at all orientations with Model A producing consistently less lift than model B (Fig. 9, top panel) . However, the drag of Model B was smaller than Model A at all orientations except 80° (Fig. 8, top  panel) . In both designs, the orientation of the tag with respect to the flow has a substantial impact on the total force. Total forces increased from 37 N and 53 N for Model A and B, respectively, at a 0º orientation, to a maximum total force of 71 N (Model A) and 90 N (Model B) at orientations near 130°.
Experimental Results: Model A vs. Model B
The water tunnel results confirm the relationships between force and flow rate (Fig. 6, 7 , bottom panels) and orientation (Fig. 8, 9 , bottom panels) established by simulation. Table 3 shows the root mean square error (RMS) differences between the experimentally measured and simulated forces acting on models A and B at five flow speeds and 0º orientation, and 12 orientations and 5.6 m/s flow. The experimental trials yielded consistently higher forces than predicted by simulation with the Nonetheless, the overall trends measured during the experimental trials agree well with the simulation results: the Model B tag generated less drag but larger lift than the Model A tag, and the forces on both tag designs increased in off axis flows (Fig. 6-9 , bottom panels and Table 2 ).
Load Testing Results
The soft suction cups used on the tags had an average unloaded vacuum pressure of 10 kPa or 0.10 bar when first attached to the dolphin cadaver producing a total unloaded force on the skin surface of 31 N. Force was then applied along the length of the animal in the posterior direction to mimic drag on the tag. For longitudinal forces up to 15 N, pressure in the cups did not change and only the portion of the cups connected to the model body deformed under the load. As the force increased, the cup bodies began to deform resulting in a decrease in the internal cup pressure, i.e., an increase in the cup attachment forces (Fig. 10, top panel) . The average applied force that resulted in sliding was comparable at sites 1 (75 N) and 2 (77 N) but lower at site 3 (64 N). These differences could be due to differing structure of the tissue layers at the three sites. All of these sliding forces are considerably larger than the drag force expected for Model A in 10 m/s flow (42 N). The corresponding average vacuum pressures in the cups at the onset of sliding were 24, 21, and 20 kPa for the three sites.
For forces applied perpendicular to the skin surface, i.e., mimicking lift forces, the cups elongated in a direction parallel with the increasing force and a visible deformation of the skin surface was observed as skin was drawn into the cup by the increasing vacuum force. The average applied force at cup failure was 165 N at site 1, 147 N at site 2, and 181 N at site three (Fig. 10, lower panel) . As for drag, all of these detachment forces are greater than the 115 N lift force predicted for Model A in 10 m/s flow. The average vacuum pressures just before cup failure were 50, 45, and 51 kPa at the three sites.
Both the simulated and water tunnel results indicate that lift forces are much larger than drag on the two models. Therefore, the total force transferred to the skin 740 MARINE MAMMAL SCIENCE, VOL. 30, NO. 2, 2014 surface can be estimated from the lift loading curves (Fig. 10, lower panel) . These data have a regression line of
with a 0.99 coefficient of determination (R 2 ). The model A and B tags aligned parallel to a flow of 5.6 m/s generate a lift of 61 and 74 N, respectively. Using Equation 3, the resulting total force on the skin will be about 71 and 80 N (or~18 and~20 N per cup), respectively. The corresponding vacuum pressures in the each cup will be approximately 25 and 28 kPa (0.25, 0.28 Bar).
Discussion
Hydrodynamic forces generated by fluid flow around a tag on an animal can have undesirable consequences: an increase in the animal's energy expenditure, creation of possible changes to swimming behavior, and stress at the attachment points between the tag and the animal that can cause discomfort and attachment failure. Our objective here is to improve the hydrodynamic housing design of a suction-cup Figure 10 . Experimental load testing of a Model A tag attached at three test sites on a common dolphin cadaver using four silicone suction cups. Applied force vs. calculated total cup attachment force at the four silicone suction cups are shown for lift (bottom panel) and drag (top panel) loading. The average pressure difference for the four cups is also shown on the right hand axis, where 1 atmosphere is approximately 100 kPa. Forces were applied via a line attached to the tag by pulling either perpendicular to the body (lift) or parallel (drag). The curves end where the cup attachment failed or the cups began to slide. The average of two trials at each site is shown in each panel.
SHORTER ET AL.: DRAG OF SUCTION CUP TAGS ON SWIMMING ANIMALS attached archival tag for the collection of acoustic and motion data, but our results are also applicable to other tag types. Following Pavlov et al. 2007 , we used computer-aided design (CAD) and computational fluid dynamics (CFD) to estimate the forces generated by different housing designs over a range of flow conditions. Our results are broadly comparable with Pavlov et al. (2007) who predicted drag forces of 1-6.5 N for a fin-mounted tag for bottlenose dolphins (Tursiops truncates) with a maximum tag frontal area of 1,400 mm 2 , over a fluid speed range of 0-8 m/s. In comparison, we predict drag forces of 1-14 N for tags with frontal areas of 2,200-3,800 mm 2 , at fluid speeds of 0-10 m/s. A critical step in applying CFD is the validation of simulation results with real measurements. This establishes the accuracy of the simulations and helps identify modeling assumptions that are not robust. Here we compared identical CAD models in simulations and, via 3D printed prototypes, in a water tunnel. The overall trends measured during the experimental trials agree well with the simulation results, but the drag and side forces were more accurately predicted than the lift forces (Table 3) . This was particularly true for the drag and side forces in variable flow trials, where the RMS errors between simulation and experiment were in the range of 1 N over speeds from 1 to 5.6 m/s. In general, the measured forces were higher than the simulated forces suggesting that there are some force contributions that are not modeled effectively by CFD. One example is the surface texture of the 3D printed prototype, which will increase the measured drag but which is not practical to include in the CFD simulation because it would drastically increase the computational requirements. Other discrepancies could be due to the experimental setup in the water tunnel. In the experiment, the model was mounted on a 7.6 cm diameter disk that protruded slightly (1-3 mm) into the water tunnel, and was necessary to prevent the tag from contacting the grounding plate. The raised feature resulted in additional flow forces measured by the block gauges, but the disk protrusion was not included in the simulations. Further, the larger discrepancy between the simulated and experimental lift forces could be due to the water tunnel set up. While the grounding board surrounds the extension where the test piece is mounted to create a uniform ceiling for the test section, the space above the grounding board is flooded. As such, an artificial lifting force could be created because the flooded section above the extension arm has a constant pressure, while the lower portion of the plate experiences test section pressure. The exposed area of the extension below the grounding board will also add to the lift force. Based on prior experience and the close agreement of the simulated and experimental drag forces the actual lift force may be closer to the CFD results than the experimental results.
Tag Design Comparisons
Three tag designs were evaluated, each with advantages and disadvantages. The overall results demonstrate (1) that a smooth form (Model B) reduces drag, (2) that a small cross sectional area close to the attachment surface (Model A) reduces lift, and (3) the additional structure required to move a streamlined body away from the attachment surface (Model C) negates the benefit of the new position in the flow. The simulation results provide insight into the performance tradeoffs between a smooth form and a small cross-sectional area. Figure 4 shows a comparison of the flow speed around the Model A and B tags during inline 5.6 m/s flow. Reduced flow occurs both ahead of the tags (stagnation) and behind the tags (bluff body wake) with the speed loss most evident for the Model A tag. The smoother form of design B disrupts the 742 flow less and, in particular, greatly reduces the size of the wake. The streamlines near the cup stem and leading edge of the Model A cup are shown in more detail in Figure 5A . Vortices created by the circular cross section of the cup stems are evident between the cups, resulting in increased drag on the Model A tag. In contrast, the screening around the cups in the B design reduces the stagnant flow and shrinks the wake, resulting in drag reduction (Fig. 5B) .
Lift forces arise from a pressure difference created by asymmetric flow above and below the tag. One approach to reduce lift is to minimize the width of the tag in the flow direction and therefore the footprint on the animal. However, this is not practical for a tag attached to an animal using suction cups, which require a large footprint on the skin surface. Narrow designs can be achieved by aligning the cups in a single row parallel to the flow. However, the resulting tags have high profiles that are vulnerable to detachment through contact with other animals, and lack the lateral stiffness in the attachment required for good acceleration data.
An alternative approach to reduce lift is to add features that direct the flow under the tag. This was the intention of the channel on the underside of Model B. However, this feature was not effective in reducing lift, and the bottom panel of Figure 5 illustrates why this might be so. The steady 5.6 m/s flow is slowed by the front of the tag to~2.5 m/s at the channel entrance. As the fluid enters the channel, the velocity increases to~4.5 m/s just before the smallest channel cross-section. Then, as the channel widens, the velocity of the fluid slows and becomes separated from the channel wall creating stagnant flow (0 m/s). In contrast, the velocity of the fluid passing over the top of the tag increases to~7 m/s in areas, resulting in the lift-generating pressure differential. The simulations illustrate that the channel does direct and accelerate flow, but the detached flow in the channel cancels out the intended benefit. Future work to reduce lift should be directed at channel designs that eliminate flow separation and the introduction of housing features that redirect flow to counter lift (e.g., spoilers).
In summary, the following design guidelines can be used to aid in the creation of hydrodynamic body-mounted tags:
(1) Minimize the frontal cross-sectional areas of the tag but maintain a smooth envelope to reduce drag. (2) Cover exposed features, like the cups, to reduce stagnant flow and wake creation. (3) Reduce lift by minimizing the attachment footprint and by adding features that reduce flow speed differences above and below the housing (e.g., channels) or that redirect the flow to counter lift (e.g., spoilers). If the tag orientation on the animal can vary, ensure that these added features will not increase forces at nonideal orientations.
Implications of the Results for Suction Cup Tag Attachments
The lift and drag forces generated by the tag must be resolved at the point of attachment if the tag is to remain on the animal. The four 45 mm diameter silicone suction cups used in all the tag designs are able to resist drag forces of 63-94 N and lift forces of 147-181 N depending on the attachment site (Fig. 10) . Thus, the attachment is more than strong enough to resist predicted drag (42 N) and lift (115 N) forces on the A design at flows of up to 10 m/s. However, the increased lift of the B design may cause attachment failure at around 8 m/s, but the divergence of SHORTER ET AL.: DRAG OF SUCTION CUP TAGS ON SWIMMING ANIMALS the simulated and measured lift forces makes this rather uncertain. Cup detachment is likely to be a complex function of the loading and the substrate shape and properties, and so will not occur consistently at a predictable speed. Nonetheless, our results suggest that the suction cup attachment can withstand flow-induced loading at usual swimming speeds with only a nominal increase in vacuum pressure but failure may occur during bursts of speed or rapid maneuvers.
Drag loads of up to 20 N cause no significant deformation of the cup shape and therefore no change in the vacuum force at the skin surface. This implies that the unloaded vacuum force (approximately 30 N for the four cups at 10 kPa each) together with the friction between the cup and the skin surface is sufficient to oppose the expected drag forces at swimming speeds of up to 6 m/s for the A and B models. With drag forces larger than 20 N the cups work as dynamic anchors to oppose sliding tag motion with the elongated cup bodies generating larger vacuum forces in the cups. The loading that resulted in a sliding failure (63-94 N) was comparable at sites 1 and 2 but was lower at site 3, indicating that the texture of the skin surface or the material properties of the substrate may vary from site to site. Site 1 has significant subcutaneous fat, Site 2 overlies muscle inserting on the blade of the scapula, and Site 3 has increased blubber fiber content as part of the dorsal fin saddle. Surface roughness was not measured at the attachment sites but is uniformly low on dolphins. In contrast to drag loading, lift loading is countered directly by an increase in attachment force at the suction cups (Fig. 10) . For the cups used, the unloaded attachment force was around~7.5 N (10 kPa) per cup and increased to about 12 and 15 N (16 and 20 kPa) per cup for the A and B models in 5 m/s flow, respectively.
For a suction cup attachment, loads applied to the tag are translated into pressure loading on the skin. Suction cup attachments do not penetrate the skin, but the stress put on the skin, even at forces well below the failure force, could affect the skin. Gupta and Kumar used rigid walled cylinders and a 40 kPa pressure differential to create skin blistering in people (Gupta and Kumar 2000) . The skin that formed the blister wall was harvested and transplanted to other areas of the subject's body. Time to blister formation was dependent on the diameter of the cylinder, magnitude of the pressure differential, anatomy of the tissue at the blister site, age of the subject, and temperature at the blister site. Interestingly, the application of too much pressure (66 kPa) resulted in bruising instead of blistering. All of these factors make it difficult to predict whether bruising will be created by a suction cup attachment on a marine mammal. However, the authors have observed visible discoloration and light swelling of the skin in captive animals that have carried a tag for periods ranging from 1 to 8 h using the relatively soft 45 mm diameter silicone suction cups described here. Although this observed tissue damage appeared to be relatively minor and reversible, it is a single anecdotal case and the impact of longer duration suction cup attachments on marine mammals requires further investigation. To address these issues, skin loading can be reduced by increasing cup diameter, using more cups with lower setup pressures, or a combination of the two. However, these solutions would require a larger footprint on the animal leading to increased lift forces and a diminishing return.
Conclusions
Computational fluid dynamics simulation provides a convenient and rapid environment in which to develop tag designs for marine animals. Here we show that the forces predicted by CFD simulation largely agree both in trend and magnitude with 744 those measured on models in a flow tank. This validation is a critical step for CFD to receive wide-spread use. Our simulation and experimental results confirm that drag forces on tags attached to the skin surface of marine animals can be significantly reduced by adopting a smooth hydrodynamic shape with a minimized frontal crosssectional area, but that lift is the dominate force, particularly at swimming speeds above 5 m/s. The suction cups currently used to field tags are sufficient to resist lift and drag loading at swim speeds of up to 10 m/s depending on the tag design. Although strong lift forces cause direct detachment of the cups, the tag will tend to slide along the body at lower drag forces and this is likely to be the primary failure mode. The setup pressure differentials that create the attachment forces in the cups are low (10 kPa or 7.5 N per cup), but can increase five-fold under certain loading conditions. As such, the impact of the vacuum loading on the skin requires further evaluation.
